In mammals, Nck represented by two genes, is a 47-kDa SH2͞SH3 domain-containing protein lacking intrinsic enzymatic function. Here, we reported that the first and the third SH3 domains of Nck-1 interact with the C-terminal region of the ␤ subunit of the eukaryotic initiation factor 2 (eIF2␤). Binding of eIF2␤ was specific to the SH3 domains of Nck-1, and in vivo, the interaction Nck͞eIF2␤ was demonstrated by reciprocal coimmunoprecipitations. In addition, Nck was detected in a molecular complex with eIF2␤ in an enriched ribosomal fraction, whereas no other SH2͞SH3 domain-containing adapters were found. Cell fractionation studies demonstrated that the presence of Nck in purified ribosomal fractions was enhanced after insulin stimulation, suggesting that growth factors dynamically regulate translocation of Nck to ribosomes. In HEK293 cells, we observed that transient overexpression of Nck-1 significantly enhanced Cap-dependent and -independent protein translation. This effect of Nck-1 required the integrity of its first and third SH3 domains originally found to interact with eIF2␤. Finally, in vitro, Nck-1 also increased protein translation, revealing a direct role for Nck-1 in this process. Our study demonstrates that in addition to mediate receptor tyrosine kinase signaling, Nck-1 modulates protein translation potentially through its direct interaction with an intrinsic component of the protein translation machinery. T ranslation initiation is a complex process in which initiator tRNA (Met-tRNA i ) and the 40S and 60S ribosomal subunits of initiator tRNA (Met-tRNA i ) are assembled into 80S ribosomes at the initiation codon of mRNA by the coordinated action of the eukaryotic initiation factors (eIFs). Thus far, signaling-dependent events regulating eIFs have involved changes in their intrinsic activity or protein-interacting properties, resulting from their phosphorylation͞dephosphorylation and͞or sequestration into inactive complex. For example, eIF2 is a molecular complex of three subunits (␣, ␤, and ␥) responsible for one of the earliest steps in the initiation of protein synthesis (1). eIF2 forms a ternary complex with the Met-tRNA and GTP and, in collaboration with other initiation factors, binds the 40S ribosomal subunit to give rise to the preinitiation 43S complex (2). Inhibition of protein synthesis correlates with the phosphorylation of the eIF2␣ subunit (1) by the heme-regulated eIF2␣ kinase (HRI) (3), the IFN-inducible RNA-dependent protein kinase (PKR) (4), the serum starvation kinase (GCN2) (5), and the endoplasmic reticulum stress kinase (PERK) (6). Phosphorylation of eIF2␣ on Ser-51 by these eIF2␣ kinases inhibits the early steps of translation by blocking on eIF2 the exchange of GDP for GTP, a reaction under the control of the guanine exchange factor, eIF2B (7, 8) . Thus, growth factors may enhance initiation of protein translation by preventing activation of eIF2␣ kinases or by activating specific phosphatases to maintain low levels of eIF2␣ phosphorylation. In contrast to eIF2␣, the ␤ and ␥ subunits of eIF2 known to interact with critical components of the translational initiation machinery such as eIF2B, eIF5, mRNA, GTP, and Met-tRNA (9-11), have not yet been reported to be regulated by signaling molecules.
T ranslation initiation is a complex process in which initiator tRNA (Met-tRNA i ) and the 40S and 60S ribosomal subunits of initiator tRNA (Met-tRNA i ) are assembled into 80S ribosomes at the initiation codon of mRNA by the coordinated action of the eukaryotic initiation factors (eIFs). Thus far, signaling-dependent events regulating eIFs have involved changes in their intrinsic activity or protein-interacting properties, resulting from their phosphorylation͞dephosphorylation and͞or sequestration into inactive complex. For example, eIF2 is a molecular complex of three subunits (␣, ␤, and ␥) responsible for one of the earliest steps in the initiation of protein synthesis (1) . eIF2 forms a ternary complex with the Met-tRNA and GTP and, in collaboration with other initiation factors, binds the 40S ribosomal subunit to give rise to the preinitiation 43S complex (2) . Inhibition of protein synthesis correlates with the phosphorylation of the eIF2␣ subunit (1) by the heme-regulated eIF2␣ kinase (HRI) (3), the IFN-inducible RNA-dependent protein kinase (PKR) (4), the serum starvation kinase (GCN2) (5) , and the endoplasmic reticulum stress kinase (PERK) (6) . Phosphorylation of eIF2␣ on Ser-51 by these eIF2␣ kinases inhibits the early steps of translation by blocking on eIF2 the exchange of GDP for GTP, a reaction under the control of the guanine exchange factor, eIF2B (7, 8) . Thus, growth factors may enhance initiation of protein translation by preventing activation of eIF2␣ kinases or by activating specific phosphatases to maintain low levels of eIF2␣ phosphorylation. In contrast to eIF2␣, the ␤ and ␥ subunits of eIF2 known to interact with critical components of the translational initiation machinery such as eIF2B, eIF5, mRNA, GTP, and Met-tRNA (9-11), have not yet been reported to be regulated by signaling molecules.
To date, with the exception of the p85 adapter subunit of phosphatidylinositol 3Ј-kinase (PI-3K), no SH2͞SH3 domaincontaining adapters have been directly implicated in the regulation of the initiation of protein synthesis by growth factors. Here, we demonstrate a direct interaction between the adapter protein Nck-1 and the translation initiation factor subunit eIF2␤ in an enriched ribosomal fraction. Given these observations and the striking finding that the presence of Nck in ribosomes was increased upon insulin treatment, we investigated the role of Nck-1 in protein translation.
Materials and Methods
Antibodies. Nck antiserum was prepared as described (12) . eIF2␤ antisera were obtained after rabbit immunization with a glutathione S-transferase (GST) chimera of the C-terminal region of mouse eIF2␤ (residues 133-333). L4 antibody was provided by C. Nicchitta (Duke University Medical Center, Durham, NC). p85, CrkII, Grb2, and hemagglutinin (HA) antibodies were purchased from Santa Cruz Biotechnology.
Cell Culture. Transformed rat hepatocytes overexpressing the human insulin receptor (HTC-IR) cells were grown in DMEM (Invitrogen) containing 10% FBS (Invitrogen) and Geneticin (G418) at 40 g͞ml (Invitrogen). Human embryonic kidney 293 (HEK293) cells were grown in DMEM containing 10% FBS.
Yeast Two-Hybrid Assays. Yeast two-hybrid screen was performed as described (13) . pACTII vector encoding the transcriptional activation domain of Gal4 fused to mouse T cell cDNA library fragments were introduced into Saccharomyces cerevisiae strains already transfected with the pASI vector encoding a fusion between the DNA-binding domain of Gal4 and the three SH3 domains of Nck-1 (residues 1-251).
Immunoprecipitation. Mouse tissues were homogenized in 5 mM Tris, pH 7.4͞1 mM MgCl 2 ͞0.25 M sucrose͞2 mM NaVO 4 ͞1 mM PMSF͞1 mM benzamidine͞1 mM NaF and centrifuged at 200,000 ϫ g for 30 min. The resulting supernatants were submitted to Nck or eIF2␤ immunoprecipitation. HTC-IR lysates were prepared as described (12) . Clarified lysates were submitted to either Nck or eIF2␤ immunoprecipitation and analyzed by immunoblotting.
Nck-1 Constructs and Transfection. Human Nck-1 mutants were produced by overlapping PCR with specific primers containing appropriate mutated sites (14) (15) (16) , subcloned into pcDNA 3.1Myc͞His plasmid (Invitrogen) and sequenced. The HAtagged Nck-1 constructs subcloned into pRK5 were provided by W. Li (Norris Cancer Center, University of Southern California, Los Angeles). Transient transfections of HEK293 cells were performed by using calcium phosphate precipitation.
GST Fusion Proteins.
Wild-type Nck-1 and eIF2␤ cDNAs were subcloned into pGEX-2TK and GST fusion proteins were expressed, purified as recommended by the manufacturer (AmerThis paper was submitted directly (Track II) to the PNAS office.
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sham Pharmacia), and used for binding assay experiments. GST and GST-Nck-1 were eluted from the glutathione beads before their use in overlay assays or in the in vitro translation system. Overlay Assay. Recombinant GST and GST-Nck-1 proteins (5 g) were spotted onto nitrocellulose and dried. Membranes were blocked in Tris-buffered saline containing 0.05% Tween-20 (TBST) and 10% nonfat dry milk and probed overnight at 4°C with 32 P-labeled GST-eIF2␤. Membranes were washed in TBST and exposed for autoradiography.
Binding Assay. HEK293 cells transiently transfected with empty vector or plasmid encoding either HA-tagged Nck-1 wild type or mutated in its individual SH3 domains were lysed (10 mM Hepes, pH7.4͞1% (vol/vol) Triton X-100͞10 g/ml aprotinin͞10 g/ml leupeptin͞1 mM PMSF). After preclearing with glutathione immobilized on beads, lysates were mixed with 25 g of GST or GST-eIF2␤ recombinant protein for 2 h at 4°C. Samples were analyzed by immunoblotting with Nck (Transduction Laboratories, Lexington, KY) or HA antibodies.
Sucrose Cushion Sedimentation. Sucrose cushion sedimentation on confluent HTC-IR and HEK293 cells were performed as described (17) . Supernatants were trichloroacetic acid-precipitated and resuspended in Laemmli buffer (18) or subjected to immunoprecipitation with either Nck, eIF2␤ antibodies, or normal rabbit serum (NRS). Pellets were resuspended in Laemmli buffer or solubilized with 30 mM Tris⅐HCl, pH 7.5͞150 mM NaCl͞1% Triton-X-100 containing protease inhibitors and heated at 65°C for 10 min to facilitate protein resuspension before immunoprecipitation. Samples were analyzed by immunoblotting with either Nck, eIF2␤, p85, Grb2, CrkII, or L4 antibodies.
Subcellular Fractionation. Insulin-stimulated and nonstimulated HEK293 cell lysates were prepared and layered onto a 15-35% linear sucrose gradient as described (19) . Fractions were analyzed by immunoblotting with either Nck, eIF2␤, p85, or L4 antibodies.
Luciferase Assay. The bicistronic reporter plasmid pcDNA3-RLUC-POLIRES-FLUC was kindly provided by N. Sonenberg (McGill University, Montreal) (20) . HEK293 cells were transiently transfected with 0.5 g of the reporter vector and either 0.5 g of plasmids encoding various Myc-Nck-1 molecules (Fig.  1A) . Renilla reniformis luciferase (RLUC) and firefly luciferase (FLUC) activities were measured by using a dual-luciferase reporter assay system (Promega) in a luminometer (LUMAT) 36 h after transfection. Quantitative RNA Analysis. Trizol (Invitrogen)-prepared RNAs (5 g) from HEK293 cells transiently cotransfected with the luciferase reporter vector and other various Myc-Nck-1 plasmids (Fig. 1 A) were converted into single-stranded cDNAs (SuperScript II kit, Invitrogen) followed by PCR reactions with the primers FLUC: 5Ј-TACAATTTGGACTTTCCGCC-3Јand 5Ј-TTCTTCGCCAAAAGCACTCT-3Ј, RLUC: 5Ј-AACGCG-GCCTCTTCTTATTT-3Ј, and 5Ј-TATCAGGCCATTCATC-CCAT-3Ј and classic 18S internal standard primers (QuantumRNA, Ambion, Austin, TX). PCR reactions were supplemented with 10 Ci of 3000 Ci/nM of [␣-32 P]dATP. Size markers were prepared by 5Ј end-labeling of 1-kb ladder marker (Invitrogen). Samples were submitted to electrophoresis on agarose, transferred onto nylon membranes, and analyzed by autoradiography; reciprocal bands were quantified by densitometry.
Results
Proteins Interacting with the SH3 Domains of Nck-1. Two clones encoding a fusion protein containing the C-terminal region of the ␤ subunit of the eukaryotic initiation factor 2 (eIF2␤) were identified interacting with the SH3 domains of Nck-1 in the yeast two-hybrid system. Further characterization of this interaction in the same system revealed that the first and the third SH3 domains of Nck-1 were positive, but neither the second SH3 domain of Nck-1 nor the SH3 domains of Abl, Grb2, CrkII or PLC␥-1 interacted with eIF2␤ (Table 1) . By overlay assays, we observed a direct interaction of GST-eIF2␤ with GST-Nck-1 (Fig. 1B Top) . Furthermore, in vitro binding assays (Fig. 1B Middle and Bottom) also showed that Nck-1 interacts with eIF2␤ and that this interaction required the first and the third SH3 domains of Nck-1.
In Vivo Nck͞eIF2␤ Interaction. Reciprocal coimmunoprecipitations with lysates from cultured cells (Fig. 1C) and mouse tissue homogenates (Fig. 1D) were performed. As reported by others for Nck (21, 22) and expected for eIF2␤, the two proteins are expressed in all tissues with high levels of expression in brain, pancreas, spleen, and testis (Fig. 1D) . Furthermore, Nck and eIF2␤ coimmunoprecipitated in HTC-IR (Fig. 1C) , HEK293 (data not shown) cell lysates, and tissue homogenates (Fig. 1D) , demonstrating in vivo their interaction.
Nck and eIF2␤ Colocalize in a Ribosome-Enriched Fraction. By using the sucrose cushion sedimentation, a ribosome-enriched pellet (P) and supernatant containing soluble cytosolic components (S) were generated from HEK293 and HTC-IR cells. In both cell lines eIF2␤, as expected, and Nck are detected in the enriched ribosomal fraction (Fig. 2A) . Other SH2͞SH3 domaincontaining adapter molecules such as Grb2, CrkII (Fig. 2 A  Lower) or the p85 subunit of PI-3K (data not shown) were not detected in the ribosomal-enriched fraction. As control, immunoblot for the ribosomal protein L4 showed that the pellets were enriched in ribosomes (Fig. 2 A) .
Nck and eIF2␤ Coimmunoprecipitate from the Ribosome-Enriched
Fraction. To determine whether Nck and eIF2␤ interact in the ribosomal-enriched fraction, endogenous Nck and eIF2␤ were coimmunoprecipited by using supernatant and pellet fractions after sucrose cushion sedimentation. As shown in Fig. 2B , Nck was detected in eIF2␤ immunoprecipitates in pellet and supernatant fractions, and reciprocal results were also obtained for eIF2␤ in Nck immunoprecipitates. Taken together, these results demonstrate that Nck and eIF2␤ are part of the same molecular complex in this compartment. 
Table 1. Yeast two-hybrid assay

Molecules
Interaction with eIF2␤
Individual Nck SH3 domains and SH3 domains of Grb2, CrkII, p85 of PI-3K, Abl, and PLC␥-1 were used in yeast two-hybrid assays to characterize their interaction with eIF2␤. The 3SH3 construct is the region of Nck comprising the three Src homology 3 domains (residues 1-251). The SH3-1 (residues 1-56), SH3-2 (residues 113-160) and SH3-3 (residues 197-251) constructs denote the first or second or third SH3 domain of Nck, respectively. SH3-C and SH3-N denote the C-terminal and N-terminal SH3 domain of Grb2, respectively.
Nck Translocation to Ribosomes Is Independent of the Functional
Integrity of Its SH Domains. To determine whether the SH domains of Nck were involved in mediating its ribosomal localization, enriched ribosomal fractions were prepared from HEK293 cells transiently transfected with various Myc-Nck-1 constructs (Fig.  1 A) . All Nck-1 mutants were detected in the ribosomal-enriched fraction (Fig. 2D) , demonstrating that the localization of Nck into ribosomes is modulated by a mechanism independent of its Src homology domains.
The Presence of Nck in Purified Ribosomal Fractions Is Enhanced After
Insulin Stimulation. To further characterize whether Nck localization to ribosomes is modulated by growth factor stimulation, sedimentation on linear sucrose gradients of lysates from serumstarved HEK293 cells treated or not with insulin were performed. The assignment of ribosomal-enriched components were in fractions 8 to 18 as revealed by immunoblotting for the ribosomal protein L4 (Fig. 3B Top) . These fractions were then immunoblotted for the presence of Nck (Fig. 3B Middle) , eIF2␤ (Fig. 3B Bottom) and p85 of PI-3K (data not shown). As reported (19) , the distribution of RNA content suggested that fractions 1-8 contain the polyribosomes, whereas fractions 13-17 represent the ribosomal subunits (Fig. 3A) . Nck association with ribosomal subunits was importantly enhanced by insulin stimulation as compared with basal state (Fig. 3B Middle) . eIF2␤ was detected in both conditions, but with a slight increase upon insulin treatment. p85 of PI-3K was not detected in the ribosomal fractions under both conditions (data not shown). Finally, the increase in the amount of Nck associated with ribosomal subunits upon insulin treatment did not result from a nonspecific effect of insulin on total Nck content (Fig. 3C) . Taken together, these results demonstrate that Nck is dynamically translocated into ribosomal compartments upon insulin stimulation.
Nck-1 Overexpression Increases Protein Translation in HEK293 Cells.
We studied the effects of Nck-1 on protein translation. HEK293 cells were cotransfected with a reporter plasmid (Fig. 4A) (20) and increasing amounts of Myc-tagged Nck-1. DNA transfected was kept constant at 1 g by the addition of the empty vector. In this system, translation of RLUC is Cap-dependent, whereas translation of the FLUC cistron, directed by the poliovirus internal ribosomal entry site (IRES), is Cap-independent (23). Expression of Nck-1 correlated with the amount of Nck-1 cDNA transfected (Fig. 4B) . Overexpression of Nck-1 enhanced the activity of both luciferases proportionally to its expression levels and reached a maximum of 1.5-fold increase at 0.5 g of cDNA transfected (Fig. 4C) . Higher concentrations of Nck-1 cDNA (1 and 2 g) were detrimental to the cells (data not shown).
Nck-1 Effect on Translation Depends on the Integrity of Its First and
Third SH3 Domains. We further characterized the Nck-1 effect by determining the domain(s) responsible for the enhancement of translation. Myc-tagged Nck-1 constructs cotransfected independently with the bicistronic luciferase reporter vector into HEK293 cells showed comparable expression levels (Fig. 5A) . The stimulatory effect of Nck-1 on translation was completely abolished by functional mutation of its first, third SH3, or all SH3 domains, whereas the Nck-1 mutated in its second SH3 domain resulted in a slight increase as compared with wild-type Nck-1 (Fig. 5B ). In the transfected cells above, we found similar amounts of both luciferase mRNAs as demonstrated by quantitative PCR and densitometric analysis (Fig. 5C ). These data confirm that the effect of Nck-1 is on translation only and depends on the functional integrity of its first and third SH3 domains.
Nck-1 Enhances Protein Translation in Vitro.
We assessed the in vitro translation of the luciferase mRNAs in the presence of increasing amounts of recombinant GST-Nck-1. As shown in Fig. 5D , GST-Nck-1 at 0.9 g and 1.2 g significantly enhanced overall translation of luciferase mRNAs by 1.5-to 2.0-fold. Results from in vitro translation strongly support a direct role for Nck-1 in the regulation of protein translation.
Discussion
This study reports an SH3-mediated interaction between the adapter Nck-1 and eIF2␤, a component of the eIF2 complex responsible for one of the earliest steps in the initiation of protein synthesis. Here, we demonstrated that Nck and eIF2␤ not only interact but also colocalize in ribosomal subcellular compartments. Furthermore, we also provided evidence that in these compartments, their levels are regulated by insulin, a hormone known to stimulate protein synthesis. We observed that the ribosomal localization of Nck is independent of its Src homology domains, suggesting that a mechanism, at least independent of its interaction with eIF2␤, is mediating its translocation to ribosomes. Given that Nck is reported to be phosphorylated on several residues after growth factor stimulation (24, 25) , we hypothesize that such postranslational modifications may govern its translocation to ribosomal compartments.
Our study also shows that in vivo, Nck-1 enhances both Cap-dependent and -independent protein translation. In mammals most mRNAs are thought to be translated through a Cap-dependent mechanism involving ribosomal scanning (reviewed in ref. 26 ). However, a small population of mRNAs, coding for cell survival factors, cell cycle molecules, oncogenes, and viral proteins are translated by a Cap-independent mechanism mediated by direct ribosome binding to IRES elements located in the 5Ј-untranslated region (5ЈUTR) (reviewed in ref. 27 ). Even though this mechanism is thought not to require any translation initiation factors, assembly of the 48S complexes on these IRES elements in an in vitro reconstitution assay by using purified eIF2͞GTP͞Met-tRNA i complex is sufficient for the 40S to lock onto the initiation codon (28) . Therefore Nck-1 effect on both types of translation may suggest that Nck-1, by binding eIF2␤, acts at the level of the eIF2͞GTP͞Met-tRNA i ternary complex upstream of both Cap-dependent and independent initiation of translation. This hypothesis is supported not only by the fact that the SH3 domains of Nck-1 important for its effect on protein translation are also responsible for its interaction with eIF2␤, but also by the direct effect on Nck-1 on in vitro protein translation.
The involvement of Nck in insulin signaling has been suggested by the fact that Nck-1 and Nck-2 have been shown to bind substrates of the insulin receptor (29) (30) (31) (32) . Therefore, the insulin receptor could regulate the activity of effector molecules associated with the SH3 domains of Nck. Within this perspective, Sam68, an RNA-binding protein (33) , has been reported to interact with Nck (34) and to be a substrate of the insulin receptor (35) . Moreover, Sam68 has been proposed to be a regulator of RNA metabolism and protein expression by modifying the mRNA stability and͞or mRNA translation (36, 37) . Therefore, Sam68 may contribute to the effect of Nck-1 on protein translation by directly targeting specific mRNA to ribosomes through the molecular complex mRNA-Sam68-Nck-1-eIF2␤.
Nck-1 interacts with several protein kinases (24, 25) . Among them, we have identified the isoform ␥2 of the Casein Kinase I (CKI ␥2) (12) and recently, several CKI substrates identified by an in vitro expression-cloning screening include RNA helicase, nucleolar protein hNOP56, hnRNP A1, and the ribosomal proteins L4, L8, and L13 (38) , suggesting a possible involvement of CKI in RNA metabolism and protein translation.
In the past, the regulation of protein translation at the level of initiation by growth factors has been well studied (reviewed in ref. 39) . Our contribution clearly establishes that Nck, an adapter protein known to mediate receptor tyrosine kinase signaling at the membrane level, also acts more downstream in the signaling pathways after its translocation to ribosomal compartments. Nck may constitute a target for tight regulation of protein translation at the initiation level through its interaction with eIF2␤. This opens up a field of investigation, which will contribute to a better understanding of how growth factors regulate protein translation.
